A gas core fission reactor that utilizes americium in place of uranium is examined for potential utilization as a nuclear rocket for space propulsion. The isomer 242roAm with a half life of 141 years is obtained from an (n, 7) capture reaction with 241Am, and has the highest known thermal fission cross section. We consider a 7500 MW reactor, whose propulsion characteristics with 235U have already been established, and re-examine it using americium. We find that the same performance can be achieved at a comparable fuel density, and a radial size reduction (of both core and moderator/reflector) of about 70%.
INTRODUCTION
The open cycle gas core (Ragsdale 1990 ) fission reactor (GCR) has been identified as a promising advanced propulsion scheme '..hat could readily meet the objectives of the space exploration initiative (SEI) of sending a manned mission to Mars in the early part of the next centui'y. The principle of operation in this system involves a critical fissile core in the form of a gaseous plasma that heats, through radiation, a hydrogen propellant which exits through a nozzle, thereby converting thermal energy into thrust as illustrated in Figure 1 . In contrast to solid core reactors where temperature limitations, imposed by material melting, place severe constraints on rocket performance, the gas core concept circumvents these limitations because the nuclear fuel is allowed to exist in a high temperature (10,000-100,000 K), partially ionized state referred to as the plasma. Nuclear heat released as thermal radiation from the surface is absorbed by a surrounding envelope of seeded hydrogen propellant which is then expanded through a nozzle to generate thrust. With this scheme, specific impulses of several thousand seconds appear to be feasible (Ragsdale 1990 ).
In a recent paper (Kammash and Galbraith 1992) , we examined some of the physics issues associated with fuel confinement and stability in GCR. We found that steady state operation of the reactor is possible only for certain core profiles which may not always be compatible with the radiative aspect of the system. Moreover, we found that the system is susceptible to hydrodynamic and acoustic instabilities that could deplete the fuel in a short time if not properly addressed. In the absence of such problems, however, the propulsion characteristics of GCR can be assessed using a heat transfer model that utilizes a diffusion heat transfer analysis which takes into account the wall material temperature and heat flux limits (Poston and Kammash 1992) . It is found that for a 7.5 GW reactor with a propellant flow rate of 5 kg/s, a specific impulse of 3300 s and a thrust of 200 kN can be obtained for a maximum heat flux of 100 MW/m 2.
None of the physics and engineering problems that face the development of the gas core nuclear rocket is perhaps more challenging than that associated with startup. One of the proposed solutions to this problem that might become feasible in the time period when GCR might become a propulsion contender, is the use of antiprotOn annihilation to generate the required number of neutrons (Jan and Kammash 1992) . In calculating the amount of antihydrogen needed, a model consisting of a "cavity" reactor surrounded by a reflector-moderator is utilized, in which moderation of fast neutrons in the core is neglected, and thermal neutrons generated in the moderator-reflector enter the core to initiate the fission reactions. A two-group theory utilizing the time-dependent Fermi age and diffusion equations is used in which the fast neutron source is taken to consist of those resulting from the annihilation reactions and those resulting from the fission reactions taking place in the core. A D20 moderator at room temperature is assumed, an effective multiplication factor, keff is calculated, and a power balance equation is utilized to calculate the neutron source strength needed to start the reactor. For the reactor described above, a source of about 1022 neutrons was found to be adequate for the startup.
Reactor Fueled with Americium
One of the isomers of americium-242 is 242mAm; it has a half-life of 141 years and has the highest known thermal fission cross section. It is obtained from an (n, 7) capture reaction with 241Am which itself has a relatively high thermal capture cross section (Ronen and Leibson 1988) . The isotope 241Am, with a half-life of 433 years, is obtained from the beta decay of 241pu which has a half-life of 14.4 years.
All these facts, namely high thermal fission cross section, relatively low capture cross section, relatively high v (the number of neutrons produced per thermal fission), and long half-life make the isomer 242roAm a very attractive nuclear fuel where lower fuel weight (reactor size) is important such as in space applications. The important thermal data for this isotope are given in Table 1 . It is useful to examine this information to see whether the decay scheme of 242roAm leads to heating of the fuel so as to maintain it in a plasma form that is compatible with a gas core reactor. The range of an alpha particle of energy of 5.585 MeV in an americium gas of density -1018 cm -3 is about 45 cm which, as we will note shortly, is approximately the desired size. With an ionization potential of 5.655 eV, we compare this value to the energy per atom associated with the alpha decay which we can readily calculate to be 8.700 x 10 -4 eV/s. This means that, in the absence of radiation loss, it takes approximately two hours of decay to generate the ionization energy of 5.655 eV. However, the black body radiation from such a system is about 107 eV/atom-s, and the bremsstrahlung radiation (assuming instant ionization) is about 2.693 x 105 eV/atoms-s, thus the alpha decay is totally inadequate for ionizing the medium, and one must rely on the fission energy to achieve this objective.
As pointed out earlier, 242mAm is obtained from an (n, ~) capture reaction with 241Am, and since it has a high thermal fission cross-section itself, it would appear that due to the two competing processes, very little of 242mAm would accumulate unless a steady supply 241Am is provided. For a spherical reactor that produces 7.5 GW of power with 242mAre fuel, at a density of 1018 cm -3 and a radius of 40 cm, a thermal neutron flux of 1.462 x 1017 241 cm-2s -1 would be required. Noting however that each neutron captured by 95Am gives rise to 5.5 MeV in gammas, each 242mAm gives 190 MeV in capturable fission energy, and each 242mAm neutron capture gives rise to 6.32 MeV in gammas, then, on the average, each neutron absorbed in 242roAm gives:
and in steady state the total energy released is 149.5 MeV/cm3-s. If such a steady state reactor produces 7.5 GW of power then the rate of supply of 241Am required is given by:
where V is the volume of the reactor, q~ the flux, 0-the absorption cross section and N is the density. With 0-42 = 8000b, and N42 = 1018 cm -3 and the flux and size as noted above, we see that the rate of supply of 241Am is 1.2599 x 10-1g/s; or 10.885 kg/day. For a journey that takes 6 months on the basis of a continuous bum, acceleration/deceleration type of trajectory, approximately 2000 kg of 241Am will be needed.
Returning to the comparison of a 242Am-fueled GCR and one that uses 235U, with the same moderatorreflector composition and reactor performance characteristics, we should note that the moderator neutron properties remain the same. These include the thermal age, the thermal transport mean free path, the thermal diffusion length, the thermal macroscopic absorption cross section, the thermal diffusion coefficient, and the thermal diffusion time. Clearly, the core properties will change, and these include the absorption cross section, the "interior greyness" factor, and both k** and keff. In the uranium version (Jan and Kammash 1992 ) a keff of about 1.2 was obtained for a 7.5 GW reactor operating at 500 atm pressure and 65,000 K temperature. Figure 2 , which shows the variation of keff vs. the reactor core radius, reveals that keff ~ 1.2 can be obtained at a radius of 40 cm in the case of 242roAm, and that an optimum value of moderator thickness occurs at 0.6 of the core radius. This means that a total radial dimension of 64 cm will provide the same performance as a 235U reactor with a total dimension of 200 cm, or a reduction in a radial size of about 70%. The reduction in volume is clearly more dramatic, and for space applications this could be significant if not critical. We have examined in this paper the potential use of the americium isotope 242mAm in a gas core nuclear rocket that could readily meet the objectives of SEI. Due to its large thermal fission cross section we find that a significantly smaller reactor could produce the same propulsion characteristics as a counterpart with 235U. Since 242roAm is formed by (n, ~/) reaction on 241Am, we have shown that approximately 2000 kg of the latter will be needed for a six month journey that utilizes a continuous bum, acceleration/deceleration type of trajectory.
